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ABSTRACT
As early as the 1950s, the need to track water in various applications, including stream
water, sanitary systems, ground water, and oil field water flooding, resulted in the develop-
ment of chemical tracer technologies. While the utilization of tracer technologies to track
water during reservoir development is mature, the use of chemical tracers in unconventional
hydraulic fracturing operations is relatively new. With the increasing use of chemical trac-
ers in unconventional settings, questions related to proper execution, interpretation, and
integration of chemical tracer tests arise.
The first part of this research discusses the design and analysis of a tracer study conducted
in a section of the Wattenberg Field, Colorado. The results of the tracer study show that the
preferential direction of cross-well tracer flow during hydraulic fracturing reflected the order
of completion rather than the geology. However, large geologic features, such as a faulted
graben, can facilitate cross-well transport of water-based chemical tracers during fracturing.
Minor faults between wells can facilitate cross-well transport of oil-based chemical tracers
during production. Furthermore, the percentage of recovered tracers from different intervals
along the wellbore varies, which can reflect the contribution of that interval to the net
production. Based on the analysis, suggestions on how to conduct a tracer study to obtain
high-quality data are provided.
The second part of this research shows how the results of the tracer study can be inte-
grated into a post-treatment hydraulic fracturing model to evaluate production efficiency.
Using the fractional production flowback results from the chemical tracer study, hydraulic
fractures were calibrated to match the fractional production from each interval. The fracture
model provides insight into what the hydraulic fractures look like, potential communication
avenues for the chemical tracers, and production efficiency.
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The focus of this work is to analyze chemical tracer data in order to determine its effec-
tiveness in quantifying hydraulic connectivity, which may have implications in well spacing.
The hydraulic fracturing process can result in the creation of a temporary avenue of hy-
draulic (pressure) communication at very long distances (>1000 ft) (Kazemi 2015), which
can be monitored using chemical tracer technology. Moreover, chemical tracer studies pro-
vide, when suitably designed, a wealth of information that can be used as “ground truth”
validation for geophysical/geological investigations and hydraulic fracture modeling.
While chemical tracers can shed light on where the fracturing fluid went and which por-
tions of the wellbore are contributing to hydrocarbon production, they do not clarify the
means of transport. In order to hypothesize the mechanism of tracer transport, existing hy-
draulic fracturing models were utilized to guide the interpretation of chemical tracer results.
The primary focus of this study is to determine the extent of communication between
neighboring horizontal wellbores and provide insight into the mechanism by which the com-
munication is occurring. The secondary objective is to develop a method by which to analyze
tracer data, considering well spacing and fracture geometries. The primary method of inves-
tigation is through a chemical tracer study and hydraulic fracture modeling.
Perhaps the most notable result of this study is that chemical tracers can be used as
evidence of inter-formation communication (e.g. Niobrara Formation and Codell Sandstone)
during hydraulic fracturing. Also, the hydraulic fracture model suggests that the mode
of inter-formation communication is through the major/minor faults and natural fractures,
rather than through the hydraulic fracture. Chemical tracers can also be used to provide
a pseudo-production log along the lateral of a horizontal wellbore. However, due to the
limitations of the study design, such analysis could not be conducted with great detail.
1
In this introductory chapter, reasons for and conditions of this study are discussed,
identifying major pitfalls and addressing potential concerns with the methodologies used.
Additionally, this chapter explores the development history of the study area, the Wattenberg
Field, the general purpose of collecting tracer data, and briefly mentions the principles of
and rationale for hydraulic fracture modeling. Chapter 2 begins by examining the design of
and data collection for the chemical tracer study. Subsequently, the reason for and method
of converting the raw chemical tracer data from concentration to mass percent is explained
in detail. Following the processing of the raw chemical tracer data, a comprehensive analysis
is presented.
Chapter 3 deals exclusively with the hydraulic fracture modeling, including log processing
to determine mechanical properties and post-treatment analysis. The fundamentals of log
processing, history matching, and effective flowing fracture length are introduced. Further-
more, the results and implications of the hydraulic fracture model are discussed, integrating
the learnings from Chapter 2 into the analysis and interpretation of the model results. Fi-
nally, Chapter 4 summarizes the results of this study and provides recommendations for
future investigation.
1.1 Development History
The Wattenberg Field is located in the Denver Basin approximately 35 miles northeast
of Denver, Colorado (Figure 1.1). The field was first discovered in 1970 by Amoco Produc-
tion Company with gas completions in the J Sandstone. Development of the field led to
the discovery of multiple pay zones (Figure 1.2). All of these targets are considered uncon-
ventional resources and as such require hydraulic fracturing stimulation (Sonnenberg 2013).
The Niobrara Formation became a target during the 1980s as a result of the vertical drilling
and completion campaign of the Codell Sandstone. Operators increased production in these
wells by stimulating the Niobrara in addition to the Codell. The most recent development
phase in Wattenberg Field development is horizontal drilling of the Niobrara and Codell
formations, which began in 2009.
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Figure 1.1: The Wattenberg Field, shown in green, is located approximately 35 miles north-
east of Denver. The study area, from which the data used in this work was obtained, comes
from a single section in the field, outlined in white (adapted from RCP 2014).
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Figure 1.2: A generic stratigraphic column for the Wattenberg Field showing the multiple pay
zones. The primary targets in this study, the Niobrara Formation and the Codell Sandstone,
are highlighted (adapted from Sonnenberg 2013).
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The main reservoir target for horizontal development is the Niobrara Formation, specifi-
cally the B, C and Fort Hays intervals. Across the field, the B chalk is the most developed.
The underlying Codell Sandstone is also of interest. The Niobrara Formation is located at
depths of 6200 to 7800 feet and is between 300 to 400 feet thick (Sonnenberg 2013). Strati-
graphically complex, the formation is comprised of interbedded limestone, chalk, marls, and
shale intervals. Structurally, the Denver-Julesberg (DJ) Basin is dominated by a wrench fault
system and contains many listric faults throughout the reservoir (Higley and Cox 2007). Due
to the strong tectonic activity, there is also evidence that natural fractures play an important
role in hydrocarbon production in the study area.
Geothermal gradient maps show a clear geothermal anomaly. The temperature gradient
on the outside edges of the field range from about 16-18◦F/1000 ft and 28-29◦F in the
anomalous area. Production in the area shows a correlation between oil gravity/gas-oil
ratios (GOR) and proximity to the temperature anomaly – the higher the temperature, the
higher the oil gravity and GOR (Sonnenberg 2013).
The aforementioned structural and stratigraphic complexity and presence of a geothermal
anomaly leads to a naturally fractured reservoir, which is essential for production. As of
2007, production from the Niobrara is approximately 20,000 BOPD and 180 MMCFG/D.
Estimates of recoverable reserves at this time were 2 to 4 billion barrels of oil equivalent
(BOE) (Sonnenberg 2013).
Most of the laterals drilled in the Wattenberg Field are oriented in the north-south direc-
tion, allowing up to 18 laterals to be drilled in a section, alternating between the Niobrara
and Codell Formations. It is reported that estimated ultimate recoveries range from 300,000
to 600,000 BOE per well (Sonnenberg 2013).
This study focuses on a single section in the Wattenberg Field containing 11 horizontal
wells, seven in the Niobrara and four in the Codell (Figure 1.3). The wells were completed
from east to west, beginning with 1N, and flowed back in the same order. Lateral spacing
of the wells range from 600 to 1200 feet.
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Figure 1.3: Cross-sectional view of the horizontal well spacing in the study section. Wells
with the dotted outline has Formation Micro-Image (FMI) log data. Wells colored in purple
were treated with radioactive tracers. Wells outlined in red were treated with multiple
chemical frac tracers (CFTs). Wells 2N and 6N were also treated with multiple oil-based
chemical tracers (OFTs). The tracer dataset was collected within the formations shown
in this schematic, and along the horizontal well bores in the section. Note the naming
convention starting with 1N as the easternmost well and 11N as the westernmost well. The
letter following the well number signifies in which formation the well was completed, “N”
indicating the Niobrara and “C” indicating the Codell.
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1.2 Chemical Tracer Data
Economics play an important role in oil and gas development. As profit margins get
tighter for unconventional resource development, the role of optimization becomes increas-
ingly important. One such optimization problem is well spacing. Well spacing that is too
large leaves untapped resources in the ground, while well spacing that is too small results in
interference that hampers production. Therefore, accurately determining the drainage area
– the area around a wellbore that is affected by a pressure drawdown – is the first step in
optimizing well spacing.
Tracer technology may be able to shed light on the hydraulic connectivity between wells
in the stimulated area. Tracers are compounds that are injected into a wellbore in order to
track or trace the location of a traced fluid (e.g. frac water) or material (e.g. proppant) via
their unique signatures. There are two main types of tracers on the market today: chemical
and radioactive. Chemical tracers can be further divided into water-based and oil-based.
Water-based chemical frac tracers (CFTs) are injected into the well during the hydraulic
fracturing process via the frac fluid. A unique CFT can be injected at many resolutions, per
wellbore, per defined interval (of multiple stages), or per stage. As the frac fluid is injected
into the formation, some of the injected tracers will propagate out into the formation while
others will be returned up the wellbore via flowback. Data are collected by sampling flowback
water both from the well in which the tracer was injected and from neighboring wells. The
chemical signatures of tracers identified in the sample at a point of collection delineate
hydraulic connections between the original locations where the tracer was injected and the
collection point.
Oil-based chemical frac tracers (OFTs) are injected as a slug into a wellbore after the
frac fluid and before the proppant. OFTs are designed to have a very high affinity for
hydrocarbons. Therefore, when they come in contact with oil, they “attach” themselves to
the oil molecules. OFT data are connected by sampling produced oil.
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Radioactive tracers are proppant tracers. Proppant containing non-water-soluble tracer
metal exhibiting low levels of radiation (≤ 1 microcurie) is injected as a part of a typical
hydraulic fracturing treatment (ProTechnics 2012). After treatment, a gamma ray logging
tool is run downhole to collect information about near wellbore proppant placement. The
data are returned as a log, which is mainly used as a diagnostic tool to determine the quality
of stage isolation as the gamma ray tool only reads a couple feet into the formation. All
three tracer types were utilized in the study section. While analysis of the radioactive tracer
data is not within the scope of this study, it is worth mentioning that the data exist. A
summary of the tracer types is shown in Figure 1.4.
Figure 1.4: An overview of the tracer types, method by which they are injected into the
wellbore, the data collected, and the resulting insight.
While the use of chemical and radioactive tracers in unconventional resource development
is relatively novel, tracer technology has long been used in waterfloods and geothermal and
hydrology studies. The use of chemical tracers in unconventionals can provide information
about the relative effectiveness of hydraulic factures. Chemical tracers can also be used to
examine stage or interval contribution over time (Catlett et al. 2013). From a reservoir
characterization standpoint, tracer technology has the potential to provide “ground truth”
geological interpretations.
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In the past, tracer technology has come up against some big challenges for application in
the oil field. The chemical compounds used to trace water or oil must be detectable at low
concentrations, stable under reservoir conditions, have high affinity for phase being traced, no
adsorption to rock material, and minimal environmental consequences (PetroWiki 2016). For
the most part, many of these challenges have been overcome. The biggest pitfall of tracer
technology today lies in the limitation of unique tracer molecules. The growth of multi-
stage horizontal hydraulic fracturing technology far surpassed the continued development
of chemical tracer technology. While the industry is able to complete as many as 30 or
more stages in a lateral, in many cases there is only half or two-third the number of unique
chemical tracer molecules.
1.3 Hydraulic Fracture Modeling
The purpose of using hydraulic fracture modeling in this study is to postulate the mech-
anism by which the chemical water-based and oil-based tracers are traveling and obtain
a basic understanding of the fracture geometry. However, the scope and the potential of
hydraulic fracture modeling span a wider variety of engineering challenges.
In order to properly analyze the results of a tracer study, complete understanding of what
is physically occurring during hydraulic fracturing process is required. During the pumping
stages of a fracturing operation, hydraulic energy holds the fracture walls open, creating
an active channel by which fluid and pressure can be transmitted thousands of feet from
the wellbore. Once pumping ceases, there is no more hydraulic energy to hold the fracture
open. Therefore, the fracture geometry that contributes to production is vastly different
from what was created. This geometry may only be 10 to 50 feet from the perforations,
depending on the complexity and discontinuity of the rock mass (Barree 2015). Even though
chemical tracer, pressure, and/or fluid can be detected up to several thousand lateral feet
away (hydraulic length), the only thing that generates cash flow is the portion of a hydraulic
fracture through which oil and/or gas can flow. This length and associated volume is what
needs to be optimized when designing a hydraulic fracturing job.
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Fracture half-length is generally defined as the “radial distance from the wellbore to the
outer tip of a fracture propagated from the well by hydraulic fracturing” ( The Oilfield
Glossary 2016). However, this definition is not sufficient to describe the different fracture
lengths encountered in the field. The general term fracture half-length can be subdivided
into five specific length measurements in order from longest to shortest: microseismic length,
hydraulic length, propped length, flowing length, and effective length (Figure 1.5). Micro-
seismic length is the radial distance over which microseismic events occur during fracturing.
Hydraulic length is created during the pumping process. Propped length is the fraction of
the hydraulic length that contains proppant. Due to proppant damage and tortuosity, the
flowing length, is the portion of the fracture that contributes to flow and the effective length
is the portion of the fracture that experiences enough pressure drop to contribute production
into the wellbore. It is the effective length that is of the most essential value in well spacing
considerations, as the optimal wells per section is predominately a function of the longest
effective fracture half-length (Sahai et al. 2013).
At the crux of the well-spacing challenge is the concept of drainage area and its relation-
ship to stimulated reservoir volume (SRV), also known as the enhanced permeability region.
It is common knowledge that in the oil and gas industry, there are many definitions for SRV.
In a general sense, the SRV represents a volume of rock around the wellbore in which the
permeability has been increased or enhanced as compared to the system permeability. Con-
troversy arises due to the fact that the region of enhanced permeability is largely unknown.
As implied in the previous paragraph, SRV can simply be defined as a geometric rectangle
around the horizontal well, whose dimensions are two times the effective [half-] length of the
fracture by the length of the lateral. Nonetheless, the microseismic industry may define SRV
as the total volume of rock that contains all the microseismic events. However, what is gen-
erally associated with production is about 10 to 15% of that volume (Barree 2015). Within
the microseismic SRV, much of the volume is not effectively connected or cannot be drained.
Ultimately, SRV is not a precise measurement of anything and is a relatively poor target
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Figure 1.5: Schematic illustrating the five definitions of fracture half-length: microseismic
length, hydraulic length, propped length, flowing length, and effective length.
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for use in stimulation design optimization. Hydraulic fracture modeling therefore focuses
optimization targets on fracture conductivity and ultimate productivity of the reservoir.
The commercial hydraulic fracture modeling software used in this study is a planar 3-D
geometry fracture simulator with a fully coupled fluid/solid transport simulator (GOHFER
2006). The model’s grid structure allows for vertical and lateral (along the horizontal well-
bore) heterogeneities, taking into account reservoir complexities. The grid structure also
handles elastic rock displacement while fluid composition, proppant concentration, shear,
leakoff, width, pressure, viscosity and other state variables are defined at each grid block.
Most importantly for this study, the model can incorporate geologic structure to simulate
fracture growth in faulted regions. The study section contains a major graben structure
running through the most eastern wells and many minor faults (Figure 1.6).
1.4 Summary
In the Wattenberg Field northeast of Denver, Colorado, 11 horizontal wells were stim-
ulated using hydraulic fracturing technology. Of the 11 wells, seven were completed in the
Niobrara Formation and four were completed in the Codell Sandstone. In an effort to char-
acterize the reservoir and determine the extent of communication between these laterals,
a chemical tracer data was acquired, employing both water-based and oil-based chemical
tracers.
A cursory look at the chemical tracer data indicates that inter-well and inter-formation
hydraulic communication exists throughout the section. As a relatively new technology in
unconventional horizontal well development, chemical tracer analysis is not well developed
beyond the data collection process. This work aims to utilize chemical tracer technology
to quantify the extent of inter-well and inter-formation communication. Additionally, this
study seeks to provide insight into the mechanism by which this communication occurs by
integrating the results of the chemical tracer analysis to determine flowing efficiency of the
well. With these data, the focus of this work is:
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Figure 1.6: Schematic of the tracer study design with seismic overlay. The seismic overlay
is the top of Niobrara depth structure map, with hot colors indicating shallow depth and
cool colors indicating deeper structure. Note the large graben that bisects the section. The
tracer study design intended to observe the flow of tracers through this graben. While not
pictured, there are also many minor faults and the Niobrara Formation is known to have
natural fractures.
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• To explore mathematical techniques to analyze and interpret chemical tracer data in
order to quantify the degree of communication between the wells and formations in
the study area and maximize knowledge in spite of any design limitations.
• To understand the physical mechanism by which inter-well and inter-formation com-
munication is occurring within the study area through hydraulic fracture modeling.
• To provide insight into the well spacing issue by utilizing the hydraulic fracture model to
determine the effective fracture half-length and compare with other half-length values.
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CHAPTER 2
EXTENT OF HYDRAULIC COMMUNICATION
This chapter reviews the design of and data collection for the chemical tracer study.
Subsequently, the reason for and method of converting the raw chemical tracer data from
concentration to mass percent is explained in detail. Following the processing of the raw
chemical tracer data, a comprehensive analysis is presented.
2.1 Introduction
The Niobrara Formation and underlying Codell Sandstone are considered unconventional
reservoirs as they do not produce economic volumes without assistance from hydraulic frac-
turing. This chapter describes a chemical tracer study that was conducted in the study area
to test the hypothesis that communication avenues exist between wellbores and formations
(Niobrara and Codell). As chemical tracers have been shown to communicate across very
large distances, it should not be surprising to see communication across the study area. The
result of the tracer analysis will also help answer some important questions regarding hori-
zontal well development optimization: how the wells are connected, through what avenues,
and how the production is distributed among the multiple stages of completion.
First, the tracer study design and data collection will be discussed in detail. The resulting
methods of analysis will accommodate any inherent pitfalls in the design and quantify the
extent of communication among the wellbores in the study area. This analysis will also
substantiate the belief that the hydraulic fracture length, that is the length of the hydraulic
fracturing during pumping, extends beyond the wellbore on the order of thousands of feet.
Finally, the results and implications of the tracer study are considered.
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2.2 Tracer Study Design and Data Collection
The main objective of the tracer study design was to examine the extent of communication
between the horizontal wellbores. The tracers served to answer the question of whether the
wells completed in the Niobrara and the Codell formations were hydraulically connected, or
in other words “shared production.” The overall design layout for the water-based chemical
tracers can been seen in Figure 2.1. A total of 14 commercial CFTs were available and five
were repeated in order to trace every well in the section (CFT 1000, 1100, 1200, 1300, and
1600). The design also took into account a large graben structure that bisected the study
section (Figure 1.6). Wells 2N, 5C, and 6N have multiple CFTs injected into them in order
to track the fractures that intersected the faults created by the graben. These intervals are
referred to as toe (CFT 1600/2100), mid-toe (CFT 1400/1500), mid-heel (CFT 1900/2200),
and heel (CFT 2000/2400). The same principle is reflected in the design of oil-based chemical
tracers (Figure 2.2).
Data for this study were collected in the form of water and oil samples from the well-
head. These flowback samples were collected over a period of several months, providing a
concentration-over-time profile of the tracer return.
There are pitfalls with the design of this chemical tracer study. First, the study was
limited by the number of unique chemical tracers commercially available. Therefore, based
on the study objective to observe inter-well and inter-formation connectivity, five tracers
were used twice (CFT 1000, 1100, 1200, 1300, and 1400) in order to trace every well in the
section. Consequently, a water sample from 7N that contained CFT 1200, a tracer that was
injected into both 4N and 11N, would be confounding as one would not be able to discern
whether that chemical tracer came from 4N or 11N. Repeated tracers limit the opportunity
to obtain more conclusive evidence for long range communication. Furthermore, repeated
tracers also make it difficult to see if tracers “skipped” wells. If a unique tracer was injected
into 1N and found in 6N but not in 2N, it would seem that the tracer was sent a long distance
and completely bypassed 2N. However, if this aforementioned unique tracer was also injected
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Figure 2.1: Schematic of the water-based chemical tracer study design in the study area.
Each column represents a well. The intervals in which tracers are injected are colored,
whereas the white intervals were not traced. There were a total of 14 commercial water-
based tracers (CFT 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1900, 2000, 2100, 2200,
2400, 2500) and five were repeated (CFT 1000, 1100, 1200, 1300, 1400). Wells with more than
two chemical tracers injected into them have four traced intervals: toe, mid-toe, mid-heel,
and heel, in order to account for the graben structure.
17
Figure 2.2: Schematic of the oil-based chemical tracer study design in the study area. Each
column represents a well. The intervals in which tracers are injected are colored, whereas
the white intervals were not traced. Only two wells were traced with the oil-based chemical
tracers injected into the intervals; these seven tracers (OFT 5000, 5100, 5200, 5300, 5400,
5500, and 5600) were also injected in intervals that account for the structure of the graben.
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into other wells, and therefore is no longer unique, the interpretation becomes inconclusive.
Another challenge with this chemical tracer study is that most wells only had one tracer
injected into it. This does not allow for the analysis of the production distribution along the
wellbore since the tracer that was injected into the toe stage of a well is the same tracer that
was injected into the middle and heel stages. The wells that have some resolution along the
wellbore are the ones with more than two chemical tracer types injected into it, notably 2N
and 6N.
2.3 Analysis Methods
This section reviews the two methods used to analyze the tracer data.
2.3.1 Mass Percent Calculations
An example of the raw chemical tracer data is shown in Figure 2.3. Note the varying
values of mass of tracer injected into the interval (heel, mid-heel, mid-toe, toe) on a per stage
basis. The average concentrations shown in Figure 2.3 are not comparable since the original
amount of tracer injected per stage was not the same. For this reason, the concentrations are
not directly additive, and the flowback fraction calculated from concentration is questionable.
Additionally, since a finite amount of tracer is injected, tracer concentration will naturally
decrease over time as the tracer is returned to surface, thus using an average concentration
to calculate flowback is also flawed. For these reasons, conversion from concentration to
mass was necessary to normalize the data for comparison purposes.
Given a concentration value, it is simple to convert into mass knowing the cumulative
volume of fluid produced at the time the sample was taken and the approximate density of
the fluid (Equation 2.1).
mass tracer,m = concentration, wi · cummulative produced volume, Vw (2.1)
Example for water-based chemical tracer mass calculation:




Figure 2.3: An example of raw data from a chemical tracer study. The data is from a well
with multiple (4) chemical tracers injected into it. Units have been omitted for privacy.
The different tracers are shown in the columns entitled: Tracer A, Tracer B, Tracer C, and
Tracer D, each injected into an interval along the wellbore – heel, mid-heel, mid-toe, and
toe. Percent of Wellbore represents the the fraction of stages contained in the interval (i.e.
For a well with 100 stages, there are 33 stages in the heel interval, 11 stages in the mid-heel
interval, 15 stages in the mid-toe interval, and 41 stages in the toe interval. Generally, the
tracer data are given in units of concentration, representing the concentration of tracer in
the produced water on the day of sampling, as presented in the Sample Day column. The
last column, Tracer Total, contains the sum of the four concentrations. The row Avg Conc
contains the averaged concentrations of all the samples taken. The last row, % Total Conc
from Stage allegedly computes the contribution from each stage or interval through the ratio
of the average concentration to the average of the total tracer. As concentrations should not
be directly added to each other unless they have a common base, the fractions in the last
row are misleading.
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density of water, ρw = 1
g
mL
volume of produced water, Vw = 100 bbl
The solute is the water-based chemical tracer and the solvent is produced water.
m = 1.6× 10−4 · wi · Vp · ρw
= 1.63 g
The mass calculated above is the net mass of tracer recovered through the sampling
period. When it is normalized using the total mass of tracer initially injected, the value
becomes a mass percentage that is comparative. After converting all of the concentration
values into mass, the value of mass percent, the ratio of the net mass of tracer recovered to
the total mass of tracer injected, was calculated. Calculating mass percent for wells injected
with only one tracer is straightforward. For wells with multiple tracers, the mass percent is
calculated by summing the mass of all the tracers recovered and dividing that value by the
sum of the mass of all the tracers injected. In wells injected with more than two tracers (2N
and 6N), mass percent is used to determine the flowback fraction. The calculation for this
value is shown in Appendix A.
Unfortunately, since the cumulative volume of oil produced was not recorded during the
sampling of the oil for the oil-based tracer study, the concentrations for the oil-based tracers
were not converted to mass.
2.3.2 Communication Index
The complexity of chemical tracer data stems, in part, from the sheer volume of data and
interactions. In this study, for a given reference well, there is potential for tracer to travel
from the reference well to each neighboring well in the section, which can be collectively
deemed as outward flow. At the same time, each neighboring well will also have tracers
that travel to the reference well, which can be collectively deemed as inward flow. By
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observing individual well-to-well interactions, some mass flow patterns can be identified in
the data. It should be noted that the wells in the section were completed east to west –
each well underwent a sequence of fracturing, shut-in, flowback, and production. When a
well was flowed back, its neighboring western well(s) remained shut-in and thus had a higher
[reservoir] pressure. Furthermore, the well’s neighboring eastern well(s) was already flowed
back or producing and thus had a lower pressure. This created an eastward flow preference,
shown schematically in Figure 2.4. In the tracer data, there is a general trend for a larger
mass percent transfer from the western well to the eastern well. To quantify this trend, a
ratio, communication index (CI), was defined:
CIX−Y =
[Mass Percent of Tracer Injected in X Flowing Eastward to Y]
[Mass Percent of Tracer Injected in Y Flowing Westward to X]
(2.2)
If the CI is greater than 1, the well pairX−Y has an easterly flow preference, in the case of
Niobrara-Niobrara (NIO-NIO) and Codell-Codell (COD-COD) interactions, or an upwardly
flow preference in the case of Niobrara-Codell interactions (NIO-COD). A summary of well-
to-well interactions is shown in Table 2.1.
(a) 1N is frac’ed. (b) 2N is frac’ed. (c) 1N is flowed back.
Figure 2.4: Proposed mechanism for flow preference.
2.4 Results
This section evaluates the outcome of the tracer study.
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Table 2.1: Summary of Well-to-Well Interactions
East/Nio West/Cod Interaction Mass Percent Mass Percent Communication Horizontal
Well Well East/Nio West/Cod Index, CI Well Spacing
(%) (%) (unitless) (ft)
03C 05C COD-COD 3.87 0.60 6.45 900
05C 08C COD-COD 2.23 0.33 6.76 950
08C 10C COD-COD 5.76 0.55 10.47 800
02N 03C NIO-COD 1.79 1.29 1.39 450
02N 05C NIO-COD 0.83 0.33 2.52 1350
04N 05C NIO-COD 5.84 1.11 5.26 450
06N 05C NIO-COD 4.49 6.19 0.73 150
06N 08C NIO-COD 1.91 1.08 1.77 800
07N 05C NIO-COD 0.08 1.35 0.06 750
07N 08C NIO-COD 0.91 0.68 1.34 200
07N 10C NIO-COD 1.96 0.06 32.67 1000
09N 08C NIO-COD 0.80 0.46 1.74 400
09N 10C NIO-COD 4.07 0.26 15.65 400
11N 08C NIO-COD 0.17 0.77 0.22 1000
03C 04N NIO-COD 1.43 0.56 2.55 450
11N 10C NIO-COD 1.62 1.02 1.59 450
01N 02N NIO-NIO 1.39 0.34 4.09 200
02N 04N NIO-NIO 1.52 0.63 2.41 1200
02N 06N NIO-NIO 1.19 0.18 6.61 900
02N 07N NIO-NIO 0.06 0.01 6.00 1500
04N 06N NIO-NIO 5.74 1.04 5.52 2100
06N 07N NIO-NIO 2.09 0.85 2.46 600
06N 09N NIO-NIO 0.79 0.98 0.81 600
07N 09N NIO-NIO 0.36 0.72 0.50 1200
07N 11N NIO-NIO 0.63 0.09 7.00 600
09N 11N NIO-NIO 1.46 0.44 3.32 1200
23
2.4.1 Flow Preference
A majority of water-based chemical frac tracers have a CI greater than one, exemplifying
east and upward flow preferences, responding to the pressure sink created by the east-to-west
flowback schedule. Tracers have been shown to respond to differential pressures in waterflood
monitoring (Atan et al. 2005). Furthermore, the higher average breakdown pressures seen
in the western wells also indicate greater pressurization on the western half of the study
section during fracturing Figure 2.5. Similar trends are noted in the 30-day average casing
(production) pressure during production Figure 2.6. This effect was also noted in time-
lapse seismic monitoring of the study area (White 2015), supporting that the eastward flow
preference is due to differential pressure.
Figure 2.5: Average breakdown pressures. Average breakdown pressure was not reported
for wells 3C, 4N, and 5C. Overall trend in both the Niobrara Formation and the Codell
Sandstone shows that breakdown pressure increases from east to west. The anomalous 11N
value is likely due to the fact that it was landed in the Niobrara B Chalk (different reservoir
properties) and the presence of another graben structure (RCP 2015).
Among the NIO-NIO interactions, well pairs 6N-9N and 7N-9N have a CI less than one,
contrary to the general trend. This could be due to the fact that 7N and 9N were a part of
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Figure 2.6: 30-day average casing pressure for wells in the study area. There is a general
trend of lower pressures to the east, implicating the presence of differential pressure.
a zipper frac completion, potentially creating a larger pressure sink that resulted in a slight
westward flow preference. Similarly, anomalous CI values in the NIO-COD interactions can
be explained by the completion order.
Although there is a general preference for flow upward into the Niobrara, as evidenced
by the CI values seen in NIO-COD interactions, based on the higher CI values seen in the
COD-COD interactions, flow still prefer eastward movement over upwards. Additionally,
the higher CI values also suggest that the permeability in the Codell is greater than the
Niobrara. This is not surprising since the Codell is a sandstone.
Since there were only two wells (2N and 6N) that were traced with oil-based chemical
tracers, examining the inter-well interaction is not conclusive. Furthermore, the cumulative
[oil] production volumes were not reported during the time samples were collected, so a
conversion from concentration to mass was impossible. Despite the fact that raw concen-
tration data are not directly additive, a qualitative examination of the OFT data show that
oil-based chemical tracers transmitted a higher average concentration through the heel and
25
toe intervals (OFT 5100, 5400, 5500 and 5600) to neighboring wells, rather than through
the graben (OFT 5000, 5200 and 5300) (Table 2.2, units omitted for privacy). It seems
that the minor faults and natural fractures in the heel and toe regions (Mueller 2016) are
more conducive to transmitting hydrocarbons to neighboring wells. Conversely, the graben
is more conducive to transmitting frac water to neighboring wells, which is further discussed
in Sub-Section 2.4.3.
Table 2.2: Average Concentration of OFT Recovered in Neighboring Wells
Reference Well Region Tracer Average Concentration
2N Toe OFT 5600 7.6
Graben OFT 5300 1.6
Heel OFT 5400 6.6
6N Toe OFT 5500 6.8
Mid-Toe OFT 5000 2.3
Mid-Heel OFT 5200 3.0
Heel OFT 5100 6.6
2.4.2 Flowback Fraction
In the wells with more than two unique tracers (2N and 6N), flowback fractions were
calculated using the method shown in Appendix A. In well 2N, the toe end section recovered
about 200 g of CFT 1600. The mass injected into that section was about 4000 g, resulting
in a 5% recovery by mass. The frac fluid injected into the toe interval totaled to about 1.3
million gallons. Assuming that the mass percent recovery is proportional to the flowback
fraction (produced water) coming from the toe end section, the calculated flowback fraction
from the toe end was about 67,000 gallons, which indicates that approximately 72% of the
total flowback [of water] is coming from the toe end section. Calculated flowback fractions
for both 2N and 6N are shown in Table 2.3. Approximate values of mass of tracer injected,
recovered, and volume of injected fluid are summarized in Table 2.4.
In both 2N and 6N, the toe ends were responsible for half or more of the tracer mass that
returned to the surface, indicating that these stages are more capable than other stages for
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Table 2.3: CFT Flowback Fraction from Specified Intervals
Well Tracer Stage Flowback Fraction (%)
2N
CFT 2000 Heel 13.46
CFT 1900 Mid-Heel 3.43
CFT 1400 Mid-Toe 10.71
CFT 1600 Toe 72.40
6N
CFT 2400 Heel 31.52
CFT 2200 Mid-Heel 9.31
CFT 1500 Mid-Toe 7.21
CFT 2100 Toe 51.96
Table 2.4: Approximate Mass of CFT Injected and Recovered
Well Tracer Mass Recovered Mass Injected Percent Recovered Injected Fluid
(g) (g) (%) (gal)
2N CFT 2000 40 3700 1.1 1,100,000
CFT 1900 10 900 1.1 300,000
CFT 1400 30 1200 2.5 400,000
CFT 1600 200 4000 5.0 1,300,000
6N CFT 2400 80 3700 2.2 1,200,000
CFT 2200 20 1000 2.0 300,000
CFT 1500 17 900 1.9 300,000
CFT 2100 130 4300 3.0 1,400,000
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producing or returning water. At the very least, they contribute to a large portion of the
total produced water. The higher production may be explained by the fact that the toe ends
of all the drilled laterals in the study section lie on the antithetic side of the fault, which is
more naturally fractured, and natural faults and fractures enhanced the flowback of water.
The oil-based tracers had less conclusive results due to a smaller sample size (two wells)
and lack of resolution (unique tracers) along the lateral. Additionally, cumulative production
volumes were not recorded during the time of sampling for the OFTs, therefore the mass
of tracer returned could not be calculated. As a result, flowback fractions could only be
calculated using concentration values. Well 6N had 58% [oil] production contribution from
the toe interval. However, as the toe interval makes up nearly 50% of the lateral length,
it is expected to contribute that much. Contrarily, 2N has much more even distribution
(Table 2.5).
Table 2.5: OFT Flowback Fraction from Specified Intervals
Well Tracer Stage Flowback Fraction (%)
2N
OFT 5400 Heel 39.85
OFT 5300 Mid 23.61
OFT 5600 Toe 36.54
6N
OFT 5100 Heel 11.73
OFT 5200 Mid-Heel 15.64
OFT 5000 Mid-Toe 14.44
OFT 5500 Toe 58.20
If the contribution percentage were normalized to the number of stages completed in each
interval, as shown in Table 2.6, there may be a more convincing trend. In other words, the
flowback fraction from Table 2.3 is divided by the number of completed stages per interval.
Table 2.6 specifies the mode of calculation for normalized flowback fraction, or percentage
contribution, in the “Tracer Type” column. As mentioned above, lack of cumulative produc-
tion volume at the time of OFT sampling only allowed for flowback fractions to be calculated
from concentration rather than mass values. Corresponding CFT flowback fractions are in-
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cluded for reference.
Intervals in which CFTs contributed greatly, generally resulted in lesser OFT returns. In
both 2N and 6N, the toe end contributed the most CFTs per stage, in some cases two or
more times than the mid-heel and mid-toe (graben) regions. However, looking at the OFTs,
the mid-heel and mid-toe regions contributed nearly twice the percentage than the heel and
toe intervals.
Table 2.6: Percentage Contribution per Interval per Stage
Well Tracer Type Heel Mid-Heel Mid-Toe Toe
2N
OFT (conc) 3.6 - 7.8 3.1
CFT (conc) 2.4 1.3 2.5 5.8
CFT (mass) 1.6 1.2 2.6 6.5
6N
OFT (conc) 0.1 5.2 4.8 4.2
CFT (conc) 2.6 2.1 2.0 4.1
CFT (mass) 2.7 3.2 2.3 3.7
2.4.3 Communication v. Distance
It was previously mentioned that communication distance for chemical tracers during
hydraulic fracturing can travel thousands of feet away. Looking at tracer recovery (mass
percent) as a function of distance, it can be reasoned that the greater the distance the less
the recovery. For this portion of the data analysis, any tracer that was used twice in the
design was removed to avoid potentially ambiguous data. This left nine unique tracers to
analyze: CFT 1400, 1500, 1700, 1900, 2000, 2100, 2200, 2400, and 2500.
Figure 2.7 shows the mass percent of CFT 1500 recovered as a function of distance. The
point lying on the y-axis is indicating that 2% of CFT 1500, which was injected into 6N,
was recovered out of 6N (self-recovery). In general, there is a trend that shows a negative
correlation between mass percent recovered and lateral distance from the reference well.
However, in the case of CFT 1500, there are a handful of outliers, all of which lie to the
east of 6N. This reiterates the fact that the completion order is contributing to the flow
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preference of the chemical tracers. Even though 3C is over 1000 ft away from the reference
well, 6N, it recovered more CFT 1500 than 7N, which is located only 600ft away, but to the
west.
This is not a single-case phenomenon. This trend can also be seen in CFT 1700 (Fig-
ure 2.8), CFT 1900 (Figure 2.9), and CFT 2500 (Figure 2.10).
Tracers injected into a well can be seen up to 2000 ft away, suggesting that many of the
wells developed hydraulic connections during pumping. Some connections within 1000 ft are
able to transmit significant fraction of tracers, often times equaling or exceeding recovery
from the reference well, e.g. 7N −→ 6N, 2N −→ 1N, 5C −→ 4N, 6N −→ 5C. Note that
these relationships mirror the eastward preference that was previously mentioned.
Furthermore, it is observed that regardless of where a tracer was injected, 5C and 6N
shared similar mass percent recoveries, indicating that there may be a particularly strong
hydraulic connection between them. Considering that they both intersect the graben struc-
ture and are nearly stacked upon one another (Figure 1.6), this may be a mechanism of
transport during pumping.
2.4.4 Communication v. Injection Location
Using the same principles as above, mass percent recovered was plotted against lateral
length, but this time grouped by injection location (toe, graben, heel). Again, only tracers
that were not duplicated in the study were analyzed. This smaller sample included five
graben tracers, two heel tracers, one toe tracer, and one tracer that was injected into the
entire length of a wellbore (Table 2.7). As shown in Figure 2.11, the graben seems to
return the greatest amount of [water-based] chemical tracer, followed by the toe and the
heel respectively. Furthermore, the decline rate of the mass percent recovered in the graben
seems to be less than the heel or the toe.
The presence of natural fractures can explain why tracers injected into the toe end trav-
eled greater distances at a lesser decline rate than the heel interval. The toe end of the
drilled laterals lies on the antithetic side of the fault, resulting in the increased presence
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Figure 2.7: Mass percent recovered v. distance (CFT 1500). CFT 1500 was injected into an
interval along the 6N lateral located in the graben structure. Notice that there are certain
instances where a well that was laterally further away from where CFT 1500 was located, yet
recovered a larger mass percent. For example, well 3C, which was located slightly over 1000
lateral feet from 6N, recovered a larger mass percent of CFT 1500 despite two other wells
that were laterally closer at 600 and 800 feet. This is due to the east to west completion and
flowback schedule.
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Figure 2.8: Mass percent recovered v. distance (CFT 1700). CFT 1700 was injected into
an interval along the 5C lateral located in the graben structure. Note that 4N recovered a
larger mass percent of CFT 1700 despite being laterally further away than 6N. This is due
to the fact that 4N lies east of 5C.
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Figure 2.9: Mass percent recovered v. distance (CFT 1900). CFT 1900 was injected into
an interval along the 2N lateral located in the graben structure. Note that 1N recovered a
larger mass percent of CFT 1900 despite being laterally further away than both 3C and 4N.
This is due to the east to west flowback schedule.
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Figure 2.10: Mass percent recovered v. distance (CFT 2500). CFT 2500 was injected the
entire 7C lateral except the graben structure. Note that mass percent recovered is higher in
wells that lie to the east of the injector well than those that lie to the west.
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of natural fractures (White 2015). The existence of natural fractures is also supported by
the general shape of the tracer return over time curves (Figure 2.12). A “smooth” tracer
return curve generally implicates the existence of natural fractures according to Salman, et
al. (2014) (Figure 2.13). The tracer return curves from this study resembles those from the
Bakken more so than the Eagle Ford.
Table 2.7: List of Non-Duplicated CFTs
Origin Well Tracer Tracer Location
2N CFT 1400 GRABEN
6N CFT 1500 GRABEN
5C CFT 1700 GRABEN
2N CFT 1900 GRABEN
6N CFT 2200 GRABEN
2N CFT 2000 HEEL
6N CFT 2400 HEEL
6N CFT 2100 TOE
7N CFT 2500 WELLBORE
2.5 Summary
Analysis of the chemical tracer data in the Wattenberg Field indicates that both inter-
well and inter-formation communication occurred during the hydraulic fracturing process.
This is not surprising, as studies have shown that the pressure achieved during the hydraulic
fracturing process is great enough to create hydraulic fracture lengths on the order of thou-
sands of feet. In this study, tracers were evidenced up to 2200 feet away from where it was
injected. However, the fraction of the hydraulic length contributing to production, the effec-
tive length, is unknown at this point in the study and likely much smaller than the hydraulic
length. Consequently, these results do not implicate production interference.
Due to the completion schedule in this study area, water-based chemical tracers exhibited
a preferential flow in the eastward and upward (towards the Niobrara) direction. Analysis
of CFT recovery in wells 2N and 6N show that CFT self recovery is originating mostly from
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Figure 2.11: Mass percent recovered v. distance by injection location. Tracers that were
injected into the graben (CFT 1400, 1500, 1700, 1900, and 2200) were able to travel longer
distances at higher mass percent recoveries, followed by the tracers injected into the toe
(CFT 2100) and heel (CFT 2000 and 2400). CFT 2500, which was injected along the entire
lateral of 7N is not included in this figure. Differences between the toe and the heel may be
due to the fact that the toe end of the wellbores lie on the antithetic side of the fault, which
is more naturally fractured.
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Figure 2.12: Tracer concentration decline for 1N, 5C, 9N and 11N. All the wells shown
exhibit relatively smooth declines, which are consistent with the idea that the presence of
natural fractures allows the system to respond as a single unit. This is not surprising within
the Niobrara Formation and the Codell Sandstone. It is believed that these formations are
highly naturally fractured (Sonnenberg 2013).
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Figure 2.13: Tracer concentration decline, Eagle Ford v. Bakken. A smooth decline curve
implicates the existence of natural fractures in the reservoir that allows the system to act as
a single fractured system, in this case, the Bakken (Salman et al. 2014).
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the toe end of the well. However, CFTs that are injected and recovered in neighboring wells
travel greater distances through the graben than through the heel and toe intervals. On the
other hand, OFT recovery is best in the graben in 2N and more evenly distributed along the
wellbore in 6N. The minor faults and natural fractures seem to better facilitate the transport
of the oil-based chemical tracers to neighboring wells.
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CHAPTER 3
MECHANISM OF HYDRAULIC COMMUNICATION
In this chapter, the fundamentals of log processing, history matching, and production
prediction are introduced. Afterwards, the results and implications of the hydraulic frac-
ture model are discussed, integrating the learnings from Chapter 2 into the analysis and
interpretation of the model results.
3.1 Introduction
Analysis of the chemical tracer data indicates that water- and oil-based chemical tracers
can be detected in neighboring wellbores long distances from where they were injected.
In order for this to occur, hydraulic connectivity must exist over the distance covered by
the chemical tracers. This chapter will cover the fundamentals and analysis of a hydraulic
fracture model that was used in order to verify that hydraulic communication, as evidenced
by the chemical tracers, indeed occurred. Furthermore, the hydraulic fracture model can
provide an effective flowing fracture length (EFFL) that serves as a proxy for production,
from which an estimated SRV and flowing efficiency can be determined.
A hydraulic fracture model is created for wells 2N and 6N, as these are the two wells
with more than two unique tracers injected into them for both water- and oil-based tracer
data sets. The observed model results will be compared to the chemical tracer results, and
interpretation with respect to the mechanism of tracer transport will follow. Unless otherwise
stated, the term “fracture” refers to a single transverse fracture initiated from a single stage
in a hydraulic fracturing operation.
3.2 Hydraulic Fracture Modeling Fundamentals
Hydraulic fracturing is a process that has become commonplace in the oil and gas indus-
try. In fact, it is so colloquial that many have forgotten the scientific principles that facilitate
40
the creation of hydraulic fractures beyond the idea of high pressure injection of fluids and
propping the resulting fracture open with sand. The fundamental theory of hydraulic frac-
turing relies on injecting a non-damaging fluid into a permeable formation at a rate that
sufficiently exceeds the leakoff rate into the formation and at a pressure that overcomes the
in-situ stress and rock’s tensile strength. In order to determine the geometry and nature
of this fracture, it is essential to understand the in-situ rock conditions and utilize a model
that accurately represents the physical processes that occur during hydraulic fracturing.
Existing fundamental 2-D hydraulic fracturing models created in the 1960s, namely the
Perkins-Kern Nordgren (PKN) and Khristianovich-Geertsma-DeKlerk (KGD) models, were
limited by computing power and thus did not accurately represent the changing geomechan-
ical environment during fracturing (Barree 2015). The PKN and KGD models require a
fracture height input, usually the height of the reservoir, which assumes that the fracture
would be contained within the target zone. Furthermore, the models define the rock to be
a linearly elastic, isotropic, homogeneous medium with no residual deformation, constant
Young’s Modulus, stress, and pore pressure and no occurrence of yielding or shearing. The
models also require a “fluid efficiency coefficient” that describes the rate of fluid leakoff into
the formation. Under an isotropic and homogeneous assumptions, the injected fracturing
fluid leaks off, a process by which fluid is forced into the formation under pressure, at a
constant rate. As such only one value is needed and is obtained through laboratory testing.
The fluid efficiency is defined by the amount of fluid that leaks off over the volume of fluid
injected. Zero efficiency indicates no leakoff, which means that none of the fracturing fluid
is lost to the reservoir, suggesting that there will likely be no production coming into the
fracture from the reservoir. If there is no leakoff, even though a fracture is created, there is
no permeability and thus no production. Conversely, 100% efficiency indicates that the fluid
is being injected at matrix rates and no fracture is created. Ultimately, these models are
material balance models that assume that the volume of the fracture is equal to the volume
of the fluid injected minus the volume of fluid that leaks off. The outputs of such models
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are fracture width and half-length (xf ), hence they are designated as 2-D models.
The hydraulic fracture model used in this study is a planar 3-D geometry fracture sim-
ulator. An accurate hydraulic fracture model not only depends on accurate representation
of the fracture geometry, but also the physical processes that determine the fracture geom-
etry, which requires accurate characterization of the reservoirs mechanical properties. The
software used in this study is centered on a total closure stress Equation 3.1, also known as




[Pob − αvPp] + Pp + ǫxE + σt (3.1)
where
Pc = closure pressure (psi) ǫx = regional horizontal strain (microstrain)
ν = Poisson’s ratio E = Young’s modulus (MMpsi)
Pob = overburden pressure (psi) Pp = pore pressure (psi)
αv = vertical Biot’s poroelastic constant σt = regional horizontal tectonic stress (psi)
Closure pressure is the amount of applied force per unit area that is required to close
a fracture. In other words, if the pressure inside the fracture is greater than the closure
pressure, the fracture remains open. When the pressure inside the fracture is less than the
closure pressure, the fracture is closed. The difference between the internal fluid pressure
and closure pressure is defined as net pressure (Pnet). While the fracture remains open if
the internal fluid pressure is greater than the closure pressure, fracture propagation does not
occur unless net pressure exceeds the process zone stress (PZS), which refers to fracture tip
effects. Simply, PZS is the force required to “tear” or fracture the rock. In order to determine
closure pressure, information from log measurements can be used to obtain the geomechanical
properties that go into the total closure stress equation. The required minimum logs for this
hydraulic fracture model are acoustic, density, gamma ray, and resistivity.
In order to understand the nature of the total closure stress equation, examination of each
of the variables in the equation and how they play into the total closure stress is necessary.
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The first variable in the equation is Poissons Ratio. This value describes the deformation
characteristics of the material. Colloquially known as “squish over squash,” it quantifies the
extent of a material’s lateral expansion in relation to vertical compression.
The next variable in the total closure stress equation is vertical Biot’s constant (αv). Ver-
tical Biot’s constant is a correction factor applied to account for the imperfect transmission
of pore pressure to the rock matrix due to the irregular pore and grain shapes. In other
words, Biot’s constant describes how effective the fluid supports the rock matrix. If Biot’s
constant is equal to one, the fluid inside the rock supports 100% of the rock matrix. If Biot’s
constant is less than one, the fluid only supports a fraction of the rock matrix and the rock
matrix is also supported by cementation at grain contacts, clay filling, and other depositional
and diagenetic factors (GOHFER 2006). The decrease in Biot’s constant means that effects
of changes in pore pressure on compaction and net stress also decrease. Generally, a lower
Biot’s constant leads to higher values of net stress and closure stress at a constant pore
pressure (GOHFER 2006).
There are several correlations between Biot’s constant and porosity. The software used
for this study allows the user to adjust the Biot’s constant using the following equation
(GOHFER 2006):
αv = V BScale · φ
V BPower
E (3.2)
where V BScale and V BPower are adjustable user inputs and φE is effective porosity.
Overburden pressure (Pob) is the weight of the rock above the formation. Overburden
pressure is generally expressed by an overburden gradient in the unit of psi/ft. This is
another user defined variable as overburden pressure can vary from region to region, onshore
to offshore. The overburden pressure is the vertical component of the in-situ stress and is
counteracted by the pore pressure in the rock in order for the system to remain static, as
shown in the total closure stress equation.
Regional horizontal (lateral) strain (ǫx) and tectonic stress (σt) are interconnected. In
a classic 1956 paper, M. King Hubbert demonstrated that regional tectonic strain produces
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tectonic stress. In other words, if one part of the region is being pulled (in tension), there
must be a neighboring region that is being pushed (in compression). Regional stress and
strain can have strong implications on the closure pressure as regions that are in tension
exhibit a reduced closure stress and regions that are in compression exhibit an increased
closure stress.
The last variable in the total closure stress equation is Young’s Modulus, defined as
the ratio of stress to strain. It describes how much stress is required to deform, or strain,
a material; it is a measure of a material’s stiffness. As Young’s Modulus is an additive
term in the total closure stress equation, the greater its value, the stiffer the material,
and thus, the greater the closure stress. Young’s Modulus and all of the geomechanical
properties mentioned above are calculated via log processing, incorporating multiple methods
of calculations and correlations to ensure precision and accuracy. Both Young’s Modulus and
Poisson’s Ratio are determined by sonic logs. However, when lacking sonic log data, synthetic
sonic logs can be created via correlative relationships with porosity, gamma ray, neutron,
and/or resistivity logs (GOHFER 2006). Comparing the values of Young’s Modulus and
Poisson’s Ratio derived from all of these sources increases the robustness of the model.
The general workflow for horizontal well stimulation initially requires basic reservoir
characterization based on a reference vertical well to create the model grid, incorporating
any geological structure of interest. Next, the actual pumping schedule for the hydraulic
fracture operation is imported and the model is run to history match the pressure data from
the job. Finally, the effective flowing fracture length is determined and the fracture geometry
is analyzed.
3.3 Log Processing and Grid Setup
The first step in creating a hydraulic fracture model is to generate a medium into which
said fracture will propagate. The total [closure] stress result is shown in Figure 3.1. The
generic closure stress profile is correlated with the closure stress computed through a diag-
nostic fracture injection test (DFIT). The percent error between the closure stress generated
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by the hydraulic fracture model and the DFIT was less the 1% (Figure 3.2, actual results
withheld for privacy). There are layers of relatively lower total closure stress in the lower B
Chalk and the upper A Marl. Also, there is a major stress barrier that exists at the bottom
of the D Chalk between the Niobrara Formation and the Codell Sandstone. In order to
verify the validity of the model, the calculated closure pressure was compared to the result
of a diagnostic fracture injection test in the Niobrara Formation in the area. The error was
less than 1%, which greatly supported the accuracy of this model.
Figure 3.1: Lateral grid showing the base model of the total closure stress (psi). Wellbore
is shown in yellow. Labels indicate the top of formation. The wellbore has not been placed
yet. Note the benches of relative lower total closure stress in the lower B Chalk and the
upper A Marl. Also note the stress barrier that exists at the bottom of the D Chalk.
The BRF or “brittleness factor” can be calculated from log-derived mechanical properties
(Rickman et al. 2008). While still a contentious value, this index uses an empirical formula
consisting of Young’s Modulus and Poisson’s Ratio to define brittleness for a material with
a high Young’s Modulus and low Poisson’s Ratio (Equation 3.3).
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Figure 3.2: Determining total stress, model v. DFIT. Log comparing the model-generated















In Equation 3.3, YMSC and PRC are the composite determinations of Young’s Modulus
and Poisson’s Ratio, respectively. These are static bulk properties derived using the process
described in Mullen et al. (2007). Ultimately, the lower the brittleness factor, the more
brittle the material is said to be. Figure 3.3 shows the calculated brittleness factor for each
grid-block based on Young’s Modulus and Poisson’s Ratio determined from the logs. While
the BRF does not affect any other calculations in the simulations, it is a useful reference to
have.
Once the geomechanics was verified, structure had to be incorporated. Using geo-steering
plots, the grids were modified to reflect the actual structures encountered during drilling,
particularly the graben structure that bisected the laterals (Figure 3.4 and Figure 3.5).
With the geomechanical properties calculated and properly calibrated, it is prudent not
to change these values moving forward through the hydraulic fracturing workflow.
3.4 Hydraulic Fracture Modeling
The hydraulic fracture modeling effort presented in this study was completed post-
treatment. As such, all elements of the fracture design were already determined. The
main goal of this exercise is to utilize the hydraulic fracture model to provide insight into
the hydraulic fracture geometry through which chemical tracers were transported. As al-
ways, in modeling, run-time is minimized if complexity is minimized. In this case, running a
single-stage model is much faster than running a multi-stage model. The benefit of running
a multi-stage model is to examine inter-well stress shadowing effects. It is well known that
creating a hydraulic fracture affects the stress field around the fracture, which may affect the
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Figure 3.3: Lateral grid showing the base model for the brittleness factor. Wellbore is shown
in yellow. Labels indicate the top of formation. The wellbore has not been placed yet. Lower
values indicate greater brittleness.
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Figure 3.4: Lateral grid showing the base model for the total closure stress (2N), incorpo-
rating structure and correct wellbore placement. Pink line represents the top of the target
zone. The wellbore is shown in yellow.
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Figure 3.5: Lateral grid showing the base model for the total closure stress (6N), incorpo-
rating structure and correct wellbore placement. Pink line represents the top of the target
zone. The wellbore is shown in yellow.
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initiation and propagation of subsequent fractures (Nagel and Sanchez-Nagel 2011). While
the software used in this study is capable of modeling inter-stage stress shadowing effects,
it adds significant run-time to the workflow. To show that the effect of inter-stage stress
shadowing is insignificant and stages can be individually modeled and analyzed, two mod-
els were created. One model incorporated three stages, while the other only included the
stage of interest. As shown in Figure 3.6, there is no visible stress shadowing effect with the
designed fracture spacing. Therefore, modeling these fractures singularly is justified.
Figure 3.6: Transverse grid showing the absence of stress shadowing effects on proppant
concentration (lb/ft2), whose values are reflected by the color bar on the right. The “X”
symbol signifies the center of the horizontal wellbore. Vertical and lateral dimensions have
been omitted for privacy. The fracture on the left was modeled concurrently with its neigh-
boring stages. The fracture on the right was modeled singularly.
3.4.1 Post-Treatment History Matching
To model the hydraulic fracturing process for 2N and 6N, the actual pumping schedules
for both wells were imported, and surface treating pressure was used for history matching.
As the geomechanical models were already adequately calibrated, friction factor and sand
exponent are the only variables that were changed to match the treatment pressure. The
friction factor, also known as the pipe friction, is based on the properties of the frac fluid
used in the model. Pipe friction can vary based on the presence of contaminants in the
fluid, pipe conditions, and other physical and chemical effects (GOHFER 2006). The sand
exponent changes the friction factor depending on the amount of sand being pumped. Its
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value was modified when changes in pressure appeared to be due to addition of sand. An
example of a history-matched treatment is shown in Figure 3.7.
Figure 3.7: Treating Pressure (psi) history match for a single stage in well 2N (shown in
purple). As the completion method used in 2N does not allow for a complete shut-down
in pressure (allowing it to go to zero), it is very difficult to match the beginning pressures.
Most of the effort in history matching goes into matching the falloff behavior as it is more
indicative of the reservoir.
Based on the location and type of fluid used in the fractured stages along the wellbore,
several “type fractures” were selected to be modeled. The results of these fracture models
are summarized in Table 3.1 and Table 3.2 for wells 2N and 6N, respectively.
The effective flowing fracture lengths for 2N and 6N vary from 30 to 45 feet, while the
proppant cutoff lengths are on the order of thousands of feet. Rate transient analysis (RTA)
and microseismic data from the study area estimated fracture half-length to be between 200
and 400 ft, respectively (RCP 2015). While these half-length values may reflect the flowing
fracture length, in reality, the effective length is significantly less. Therefore, using half-length
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Table 3.1: Fracture Types and Lengths for 2N
Type EFFL Propant Cutoff
(ft) (ft)
Fluid A 37.7 420
Fluid B - C Chalk 38.9 2040
Mid-Toe - A 38.7 2220
Mid-Toe - B 41.4 2340
Mid-Toe - C 45.1 2140
Mid-Heel - A 44.9 2180
Mid-Heel - B 38.7 2240
Fluid B - B Marl 40.0 2300
Table 3.2: Fracture Types and Lengths for 6N
Type EFFL Proppant Cutoff
(ft) (ft)
Fluid A 37.6 180
Fluid B - C Chalk 35.9 1260
Mid-Toe - A 38.2 1320
Mid-Heel - A 38.3 1340
Mid-Heel - B 35.3 1040
Mid-Heel - C 38.0 1260
Fluid B - C Marl 34.2 1420
Fluid B - D Chalk 31.5 1320
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values from microseismic and RTA may significantly overestimate volume contributing to
production. However, they provide valuable information to estimate flowing, propped, and
hydraulic length.
During the fracturing process, the models showed that the net pressure, the amount of
pressure over closure pressure, extends far beyond the vicinity of the wellbore, as exemplified
in Figure 3.8. Additionally, the presence of the graben seems to have more influence in 2N
than 6N, based on the placement of the wellbores. Also, the proppant cutoff length, or
propped length, is nearly twice as long in 2N as it is in 6N. 6N is placed in the lower C Marl
and upper D chalk, while 2N is mostly located in the lower B Marl and C Chalk. These
differences in well placement greatly affect the EFFL.
Figure 3.8: Net pressure (psi) extends beyond the vicinity of the wellbore in well 2N. Net
pressure is the difference between the internal fluid pressure and the external closure stress
(pressure). If this value is positive and exceeds the process zone stress, (Pbh,ISIP − Pc), the
fracture will propagate.
54
3.4.2 Fracture Geometry Analysis
For wells 2N and 6N, two main types of fracture geometries resulted from two different
fracture designs. The Type 1 design, as shown in Figure 3.9, creates height. The frac fluid
used in the Type 1 design has low leakoff rates (Fluid A, as shown in Table 3.1 and Table 3.2),
which allows the hydraulic fracture to build net pressure and overcome the process zone stress
(Miskimins 2016) and penetrate through stress barriers (like the one that exists between the
Ft. Hayes and Codell). The model indicates that these types of fractures penetrate into the
Codell Sandstone below the target formation, potentially creating a pathway for chemical
tracers to be transported. The Type 2 design, as shown in Stage 8 in Figure 3.9, creates
lateral length and does not penetrate into the Codell Sandstone. The frac fluid used in the
Type 2 design has higher leak off rates and lower proppant carrying capacity (Fluid B, as
shown in Table 3.1 and Table 3.2). Higher leakoff rates do not allow for height growth as
the net pressure cannot be built within the hydraulic fracture as easily. Even if height was
generated, the fracture is subject to proppant settling, a process in which the proppants
gravitate down to the bottom of the fracture, which allows the hydraulic fracture above to
close, eliminating the possibility of vertical hydraulic communication. In both 2N and 6N,
Type 2 fractures make up the majority of the stages. It is unlikely that Type 1 fractures are
the only avenue of transport for the chemical frac tracers between the Niobrara Formation
and Codell sandstone, as they make up a small minority of the fracture types in both 2N
and 6N. This suggests that there are probably other inter-formation communication avenues
for the chemical tracers, namely natural fractures and faults.
As shown in Table 3.1 and Table 3.2, despite the significant height and length in which
proppants are placed, the EFFL is drastically shorter, ranging between 30 and 40 feet.
Considering this length and the proppant cutoff length for the Gel type fractures, the field
standard of approximately 12 wells per section is markedly adequate. Any further down-
spacing would be dictated by economics.
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Figure 3.9: The two types of fracture designs for 2N and 6N. The pink zone represents the
target zone in the Niobrara Formation. The blue zone is the Codell Sandstone. Type 1
fractures create height and penetrate into the Codell Sandstone. Type 2 fractures create
lateral length and do not penetrate into the Codell Sandstone.
3.4.3 Fracture Efficiency
Using the calculated effective flowing fracture length (EFFL), interval efficiency can be
calculated based on the number of fractures that were originally pumped in each interval
(toe, mid-toe, mid-heel, heel). Assuming that EFFL is proportional to production from the
fracture, the total flowing fracture length (TFFL) can be defined as:
TFFL =
∑
EFFLi · nf,i (3.4)
where nf is the number of flowing fractures in interval i. Then, the fractional flow (fi)





where the total effective flowing fracture length for interval i, EFFLT,i = EFFLi · nf,i.
Initially, this fractional flow contribution did not match the flowback fraction calculated
from the analysis of the oil-based chemical tracers from the same interval. By changing
the number of flowing fractures in each interval, the calculated fractional flow contributions
change. An optimization scheme was run to determine the number of flowing fractures per
interval, using the OFT flowback fractions as a calibration point. From the results of the
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calibration, interval fracture efficiency (IFE) is defined as:




where nf,i is the number of flowing fractures in interval i and nact,i is the number of actual
fractures initiated (number of stages) in interval i. Total flow efficiency (TFE) for the
wellbore is the weighted average of the interval fracture efficiencies based on the number of
calculated flowing fractures (nf,i) in the interval.
A sample calculation is provided below to clarify the concepts above. Suppose well 6N
had 16 stages, five in both toe and heel intervals and three in both mid-toe and mid-heel
intervals, the fractional flow contribution at 100% efficiency is shown in Table 3.3. This
calculated fractional flow contribution does not match the fractional flow contribution from
the OFT analysis (Table 2.5). To match this fractional flow contribution profile, the number
of fractures much be adjusted. The calibrated fractional flow contribution is shown in Table
Table 3.4. The total flow efficiency is 75%.
Table 3.3: Fractional Flow Contribution at 100% Efficiency, TFFL = 525 ft
Location Avg EFFL Number of Total EFFL Fraction, fi IFE
(ft) Flowing Stages (ft) (%) (%)
Toe 30 5.00 150 28.6 100
Mid-Toe 35 3.00 105 20.0 100
Mid-Heel 40 3.00 120 22.9 100
Heel 30 5.00 150 28.6 100
Table 3.4: Calibrated Fractional Flow Contribution, TFFL = 257 ft
Location Avg EFFL Number of Total EFFL Fraction, fi IFE
(ft) Flowing Stages (ft) (%) (%)
Toe 30 5.00 150 58.3 100.0
Mid-Toe 35 1.06 37 14.4 35.3
Mid-Heel 40 1.00 40 15.6 33.4
Heel 30 1.00 30 11.7 20.1
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The actual results for 2N and 6N are summarized in Table 3.5. 2N has a flow efficiency
of 57% and 6N has a flow efficiency of 62%. This result is not surprising as the cumulative
360-day production for 6N is greater than 2N at 107,400 BOE and 92,200 BOE, respectively.
While these total flow efficiencies seem low, it is common to see in hydraulically fractured
horizontal wells, only half of the hydraulic fractures contribute to production (Kazemi 2015).
Table 3.5: Calculated Fracture Efficiency
Well Location Avg EFFL OFT Fraction IFE TFE
(ft) (%) (%) (%)
2N
Toe 38.5 39.9 48.7
57.0Mid 40.8 23.6 99.9
Heel 39.8 36.5 52.8
6N
Toe 36.3 58.3 82.0
62.1Mid-Toe 36.1 14.4 95.1
Mid-Heel 37.2 15.6 100.0
Heel 33.1 11.7 21.1
In well 2N, the mid interval (located in the graben) is the most efficient and has the
longest effective flowing fracture length. The presence of the graben may have made it easier
to create a longer, more conductive fracture. Furthermore, fractures in the heel region of the
wellbore are potentially more efficient due to the fact that the total closure stress is less in
the heel interval than in the toe interval.
In well 6N, fractures were generally very efficient except for those in the heel region.
Again, the graben structure may have contributed to the ease of fracture creation, as the
mid-toe and mid-heel regions have the highest efficiencies. The efficiency in the heel region
is extremely poor, comparatively at 21.1%. This may be due to the fact that it is completely
out of zone or encounters more ductile rock (Figure 3.10). However, the overall flow efficiency
is higher in 6N than 2N, indicating that the production from 6N should be higher than 2N
as the average EFFL for both wells are relatively similar. As of March 2016, the cumulative
production of 6N and 2N is 185 and 178 mBOE, respectively.
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Figure 3.10: Lateral grid showing the brittleness factor and the placement of well 06N. Pink
line shows the top of the target zone (C Chalk). Note that the heel portion of the well is
out of zone and encounters more ductile rock (high brittleness factor).
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3.5 Summary
Hydraulic fracturing modeling software is very useful for design and optimization of
hydraulic fractures. As demonstrated above, it can also be used to verify the extent of
hydraulic fractures and determine the possible avenues of tracer transport. The model was
able to verify that tracer transport across long distances is possible, as net pressure extends
out to nearly 4000 ft. While two main fracture types were observed, only Type 1 fractures
penetrated into the Codell Sandstone. Since they only make up a minority of the producing
fractures, it is very likely that the transport of tracers to and from the Codell and Niobrara
rely on natural fractures and faults.
Finally, using the model output of the effective flowing fracture length and integrating
it with the data from the chemical tracer study allows for the calculation of the fracture




This study analyzes data from a chemical tracer study to determine the extent of com-
munication between neighboring horizontal wellbores after hydraulic fracturing. In doing
so, it provides insight into the value of chemical tracer analysis and exposes limitations of
imperfect designs.
Regarding the chemical tracer analysis, it is shown that despite the limitations of the
design, a great deal of quantitative and qualitative information can be obtained. However,
as chemical tracer technology is a relatively new tool, more work needs to be done to estab-
lish better design, data collection, and analysis methods to maximize the potential benefits.
Previous studies that incorporated chemical tracer data have typically been focused on im-
proved oil recovery (waterflood) applications or did not perform in-depth examination of the
data. As such, this study is a part of a relatively small group of recent publications directed
towards quantification of chemical tracer data and integration of chemical tracer analysis
into other workflows.
For the study section in the Wattenberg Field in particular, chemical tracer data have
clearly illustrated the eastward and upward flow preference of water-based chemical tracers
during hydraulic fracturing. In addition, when multiple unique tracers are injected into the
same well, the tracer data have provided information that can be used to gauge flowback
fractions from individual fracture stages or intervals. Furthermore, analysis of chemical tracer
data illustrated the correlation between injection location and lateral distance traveled and
showed that water-based CFTs were better transported through the graben structure while
oil-based OFTs were better transported through the minor faults and natural fractures in
the heel and toe intervals.
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The utilization of a hydraulic fracture model to better understand the chemical tracer
data was very insightful. It validated that the avenues through which chemical tracers trav-
eled great distances can indeed be generated by the fracturing process. Chemical tracer data
shows that tracers were able to travel nearly 2200 feet away from where they were injected
(Figure 2.11). This observation is reinforced by the net pressure distribution obtained from
the hydraulic fracture model, with hydraulic connectivity extending almost 4000 feet away
(Figure 3.8). The hydraulic fracture model shows that only Type 1 fractures penetrated
from the Niobrara to the Codell, which made up only a minority of the fracture types in the
study area. However, as chemical tracer data shows extensive inter-formation communica-
tion (Table 2.1), it is likely that natural fractures and faults provided additional avenues of
inter-formation transport during fracturing.
Perhaps most useful is the effective flowing fracture length (EFFL) provided by the
hydraulic fracture model, from which production can be predicted and adequate well spacing
can be considered. Since the EFFL does not often exceed 40 ft and the proppant cutoff length
averages around 400 ft, drilling approximately 12 wells per section is adequate. Moreover,
the model delineates that fracture spacing was also appropriate as very little to no stress
shadowing effects was detected in the model.
The applicability of the study on future horizontal hydraulically fractured wells depends
on more research and development on chemical tracer technology. As the oil and gas in-
dustry operates into and beyond the 21st century, environmental health and safety (EHS)
concerns emerge as significant and essential considerations in day-to-day operations. While
the environmental risk of chemical tracers is relatively low, continued development of chem-
ical tracers, not only in quality but diversity, need to withstand both oil and gas field
conditions and meet and exceed EHS regulations. There are companies who have devel-
oped in-well tracers that last for several years, allowing operators to constantly monitor the
production inflow from their wells. Such technology is only applicable in settings where it
becomes very risky and costly to perform any kind of well intervention. For United States
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onshore drilling, in-well tracers are hardly economic. However, chemical tracer technology
coupled with other techniques, such as hydraulic fracture modeling, production analysis,
microseismic, and petrophysics, can be incredibly powerful as it is another source of valuable
information.
From this study, the following conclusions are drawn:
1. Chemical tracers, both water- and oil-based, are subject to long-distance transport
via high treating pressures during hydraulic fracturing, resulting in long-range inter-
well and inter-formation hydraulic communication. However, hydraulic communication
during fracturing does not imply interference during production.
2. According to hydraulic fracture modeling conducted for this study section, hydraulic
fractures initiated in the Niobrara C Bench may penetrate into the Codell Sandstone
potentially facilitating communication between the two formations (Type 1 fractures).
3. The effective flowing fracture half-length for the study wells are 35 to 40 ft and the
proppant cutoff length ranges from 140 to 2000 ft. As the value of effective flowing
fracture length generally dictates the drainage capacity of a horizontal hydraulically
fractured well, the small EFFL values suggest that smaller well spacing is possible.
The following recommendations for further work are suggested:
1. Stage-by-stage chemical tracer injection is recommended for improved resolution along
the wellbore, which increases the value of the data obtained. If the number of unique
tracers is limited (lack of access or technology), it is recommended to assign injection
and monitor wells to preserve the resolution.
2. Consider injecting the oil tracer at the end of a fracture stage to keep it as close to the
wellbore as possible. This may provide more accurate information about communica-
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APPENDIX - MASS PERCENT CALCULATIONS
In order to calculate the mass percent returned for each injected tracer, some assumptions
were made. Injection variables are defined in Figure A.1.
Figure A.1: Schematic of a wellbore with a multiple tracer design.“Section” refers to the in-
terval in which one tracer was injected. In this schematic, three different tracers (CFT/OFT)
were injected into the wellbore. Ni is the number of stages within Section i. V
in
i is the to-
tal volume (of frac fluid) injected into Section i. V ini is the volume injected per stage into
Section i (it is assumed that the total volume injected V ini is equally distributed across all
stages within the specified section). mini is the mass of tracer i injected into Section i.
Production flowback was calculated using the following:
V out = total volume of flowback
Couti = concentration of tracers in the flowback [mass/volume]











Percent recovery mRi reflects the flowback fraction from each stage. If the stage returned
100% of the injected tracer, it indicates that the amount of tracer injected is equal to the
amount of tracer recovered. If percent recovery is assumed to be proportional to the flowback





V out = V in ·mRi
If all hydraulic fractures are contributing to production, it is reasonable to assume that
V outi /V


















+ · · ·+ V inn ·m
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n
Where i is the Section number and nf,i is the number of fractures in Section i. By this
definition, the flowback fraction calculated using the tracer data can be used to calculate
the number of contributing stages.
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